Research in contextEvidence before this studySince its emergence in 2013, the novel avian-origin influenza A H7N9 virus has caused seasonal epidemics every year. A more highly pathogenic H7N9 variant has been identified recently. This variant could increase the potential threat of a greater pandemic, especially if it acquires efficient human-to-human transmissibility. Infections with the H7N9 virus may lead to lung damage and even multiple organ failure, which is closely associated with a high mortality rate. No previous study has assessed the systemic alterations associated with H7N9 virus infection.Added Value of This StudyIn the present study, we observed that the H7N9 virus may cause the disruption of epithelial structure and the alteration of epithelial secretory properties of the lung. The virus elicits systemic alterations that may also contribute to virus-induced multiple organ injuries. Metabolomic analysis of serum samples from H7N9-infected patients revealed that fatty acid metabolism may be repressed after H7N9 infection. Serum levels of palmitic acid, erucic acid, and phytal may negatively correlate with disease severity after H7N9 infection.Implications of All the Available EvidenceTo our knowledge, this is the first study to analyze the systemic alterations of serum metabolites in H7N9-infected patients. Serum levels of palmitic acid, erucic acid, and phytal may predict a fatal outcome after H7N9 infection. Targeting epithelial regeneration in the lung may be a future option for treating H7N9 infections.

1. Introduction {#s0005}
===============

The emergence in 2013 of the novel avian-origin influenza A H7N9 virus imposed a great challenge not only to poultry production but also to public health because of the high rates of morbidity and mortality. As of February 2018, H7N9 viruses have caused five seasonal epidemic waves, with the number of laboratory-confirmed human cases increasing appreciably \[[@bb0260]\]. Travel-related cases have been confirmed outside China, including Canada and Malaysia \[[@bb0130]\]. Although the occurrence of international spread has not yet been indicated, recent evidence demonstrates that a more highly pathogenic H7N9 variant has evolved, thereby increasing the potential threat of a greater pandemic, especially if it acquires efficient human-to-human transmissibility (Bertran et al., \[[@bb0005]\]; \[[@bb0140], [@bb0270]\]). Close monitoring of the virological and molecular characteristics of H7N9 viruses is therefore urgently needed. Moreover, clinical severity assessments of H7N9-infected patients are crucial to develop more effective control measures.

In patients with poultry contact, H7N9 virus infection may result in critical illnesses, including rapidly progressing pneumonia, respiratory failure, and acute respiratory distress syndrome (ARDS). Therefore, the administration of steroids, including methylprednisolone, is common in the intensive care unit (ICU) to limit lung inflammation \[[@bb0175], [@bb0185]\]. Hypoxic respiratory failure was reported as the leading cause of death \[[@bb0015]\]. As a result, endotracheal intubation and protective mechanical ventilation (MV) have become the mainstay of supportive therapy in the ICU \[[@bb0085], [@bb0190]\]. Severe ARDS associated with H7N9 virus infection leads to the use of extracorporeal membrane oxygenation (ECMO), originally applied to support the respiratory function of pediatric patients \[[@bb0120], [@bb0180]\]. Nevertheless, approximately 40% of patients do not survive these treatments, possibly because of the following three factors. First, the clinical prognosis of H7N9-infected patients is closely related to underlying medical complications \[[@bb0255]\]. Second, the severity is determined by the time interval from disease onset to antiviral treatment. Lastly, the mortality increases when H7N9 virus infection induces multiple organ failure \[[@bb0280]\].

The key cause of systemic alterations in H7N9 infection is lung damage characterized by impaired mucociliary clearance and disturbed alveolar homeostasis. As regenerating machines, both club and alveolar type 2 epithelial cells are targets of H7N9 viruses, resulting in the inefficient restoration of airway barriers and overproduction of mucus and surfactants \[[@bb0240]\]. Thus, hospitalized patients confirmed to have H7N9 virus infection are immediately started on antiviral therapy using existing neuraminidase inhibitors, such as oseltamivir and zanamivir, or neutralizing antibodies against hemagglutinin \[[@bb0095], [@bb0110], [@bb0120], [@bb0285]\]. As the H7N9 virus travels via the circulatory system to target more cell types (Hu et al., 2015), it is hypothesized to elicit systemic alterations that may also contribute to virus-induced multiple organ injuries.

Metabolomics, a rapidly emerging field of "omics" research, presents pathobiological profiles that encompass both microbial and host interactions \[[@bb0210], [@bb0225]\]. Metabolomic approaches have identified novel biomarkers and new pathobiological pathways associated with virus infections \[[@bb0045], [@bb0235]\]. However, to date, no study has applied a metabolomic approach in H7N9-infected patients.

To address this, we used serum samples from four patients who were hospitalized because of H7N9 infection to profile their serum metabolome. We found that the H7N9-infected patients had metabolic disorders possibly associated with fatty acid metabolism. To determine its possible relationship with disease severity, we tried to correlate the abundance of identified serum metabolites with the extent of lung inflammation evaluated using chest digital radiography and absolute serum lymphocyte counts. A three-metabolite set may be associated with the resolution of lung inflammation during H7N9 infection. We also observed that severe inflammation induced by H7N9 causes the altered expression of airway mucin and alveolar surfactants.

2. Materials and Methods {#s0010}
========================

2.1. Ethics Statement {#s0015}
---------------------

The histopathological features were reported for one patient whose relative consented to limited postmortem biopsy. Full autopsy of the patient could not be performed because of religious and other reasons. The institutional review board of Tianjin Haihe Hospital provided written approval and judged that all methods used in the study met relevant ethical guidelines and regulations (ethical \# 2016HHKT-01).

2.2. Subjects {#s0020}
-------------

Four H7N9-infected patients were admitted to Tianjin Haihe Hospital between June 13, 2016 and June 20, 2017. During this period, nine consenting healthy volunteers, nine patients with pneumonia (according to the 2007 American Thoracic Society Inclusion Criteria), and ten patients with pneumonia who received steroid treatment were recruited as controls from the same hospital. General participant information, including age, sex, recent poultry exposure, disease duration, and clinical treatments and medication, was collected using a standard form. As described previously \[[@bb0060]\], for the diagnosis of H7N9 infection, RNA was extracted from throat swabs and sputum of the patients, and a multiplex one-step real-time PCR assay was developed to detect the H7N9 virus by using primers targeting the conserved M and RNase P genes, as well as the hemagglutinin and neuraminidase genes of the H7N9 virus. Serum samples were collected between 6:00 and 8:00 a.m. from all patients, and one part was used for routine clinical measurements and the other part was immediately stored in a −80°C refrigerator for further metabolomic analysis. Tru-cut postmortem biopsy specimens were obtained from the left lung at the sixth intercostal space posteriorly within 18--19 h after death. Two successful biopsies were conducted aseptically according to standard guidelines (Otto et al., 2015), with one specimen being put into a cell lysis medium for gene expression analysis using quantitative PCR and the other into 4% formalin for histopathological examination. For comparison, normal lung tissue adjacent to the tumor was also surgically removed from patients with lung adenocarcinoma.

2.3. Hematoxylin and Eosin Staining {#s0025}
-----------------------------------

Lung tissues were fixed in 10% neutral-buffered formalin, and then embedded in paraffin. Five-micrometer sections were collected and stained with hematoxylin and eosin (H&E) solution (Solarbio Science & Technology Co, Ltd., Beijing, China). Images were captured using an Olympus IX71 microscope with a DP80 camera (Olympus Corporation, Tokyo, Japan).

2.4. Scanning Electron Microscopy {#s0030}
---------------------------------

Lung biopsy specimens were fixed in 2.5% glutaraldehyde for 2 h, and then immobilized in 2% osmium tetroxide. In brief, the tissues were dehydrated through sequential washes in 50, 70, 90, 95, and 100% ethanol followed by immersion in EPON812 (Simga Aldrich, St. Louis, MO, USA). Ultrathin sections were collected onto copper grids and then counterstained with uranyl acetate and lead citrate. Images were acquired using a FEI Tecnai Spirit transmission electron microscope (ThermoFisher Scientific, Hillsboro, Oregon, USA).

2.5. Quantitative Real-Time PCR {#s0035}
-------------------------------

RNA was extracted from lung biopsy specimens and normal lung tissue by using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). The whole RNA was reverse transcribed using oligo (dT) primers for 1 h at 50 °C using the TIANScript RT kit (Tiangen Biotech, Co., Ltd., Beijing, China) according to the manufacturer\'s protocol. Quantitative PCR analysis was performed using the SYBR Green method. Specific gene primers were designed using the Primer-Quest SM software (<http://sg.idtdna.com/PrimerQuest/Home/Index>), and then commercially produced (BGI Tech, Shenzhen, China; listed in Table S1). The cDNA amplification reactions were performed using a Light Cycler 96 real-time PCR system (Roche Diagnostics, Indianapolis, IN, USA) with the following reaction conditions: an initial heating cycle of 95 °C for 2 min, and 40 cycles of denaturation at 95 °C for 25 s, primer annealing at 60 °C for 25 s, and extension at 72 °C for 20 s. Melting curves were used for clarifying the identity of amplicons, and the housekeeping gene β-actin was used as an internal control. The relative mRNA expression levels of targeted genes were evaluated using the comparative Cq (quantification cycle) method normalized to the expression level of β-actin mRNA in the same sample.

2.6. Metabolite Extraction {#s0040}
--------------------------

Before metabolomic analysis, the samples were defrosted at room temperature for \<20 min. Briefly, 400 μL of acetonitrile was added to the samples in a 4:1 (v/v) ratio. These sample mixtures were then homogenized by shaking them for 30 s and centrifuged at 15,000 ×*g* for 20 min at 4 °C. A 400-μL aliquot of the supernatant was pipetted into a 5-mm test tube and then loaded into the ultra-performance liquid chromatography-mass spectrometry (UPLC-MS) system for analysis.

2.7. Metabolome Analysis {#s0045}
------------------------

Samples were measured using a nano LC system (Thermo Fisher Scientific, Germering, Germany) coupled on-line to a hybrid linear ion-trap/Orbitrap™ mass spectrometer (LTQ-Orbitrap-XL, Thermo Fisher Scientific, Bremen, Germany). Samples were loaded onto a trap column (PepMap C18; 300-μm internal diameter \[ID\], 5-mm length, 5-μm particle size, 100-Å pore size; Thermo Fisher Scientific), and then washed and desalted for 15 min by using 0.1% trifluoroacetic acid in water as the loading solvent. The trap column was then switched in-line with the analytical column (PepMap C18; 75-μm ID, 250-mm length, 3-μm particle size, 100-Å pore size; Thermo Fisher Scientific) and peptides were eluted using the following binary gradient: starting with 100% solvent A and B, where solvent A consisted of 2% acetonitrile and 0.1% formic acid in water, and solvent B consisted of 80% acetonitrile and 0.08% formic acid in water. The column flow rate was set at 200 nL/min. For electro-spray ionization (ESI), nano ESI emitters (New Objective, Woburn, MA, USA) were used and a spray voltage of 4.5 kV was applied. For MS detection, a data-dependent acquisition method was used: high-resolution survey scan from 50 to 1000 (m\\z). Orbitrap full-scan spectra and ion-trap MS/MS fragmentation spectra were acquired partially simultaneously.

2.8. Compound Identification, Quantification, and Data Curation {#s0050}
---------------------------------------------------------------

The UPLC-MS raw data were converted and processed using MZmine 2 (<http://mzmine.sourceforge.net/>). The peaks were aligned and normalized to the sum of all the detected peaks. Briefly, chromatograms were built and peaks were recognized using the local-minimum search function; thereafter, the ion intensities, matching *m*/*z*, and retention time were grouped into peak lists. The online Kyoto Encyclopedia of Genes and Genomes (KEGG, <http://www.kegg.jp/>) classifications and human metabolome database (HMDB, <http://www.hmdb.ca/>) were used to align the molecular mass data (*m*/*z*) to identify the metabolites. The processed and normalized data were imported into SIMCA-P (Umetrics, Umea, Sweden) for multivariate statistical analysis. To distinguish H7N9 from the controls, the orthogonal projections to latent structure-discriminant analysis (OPLS-DA) model was introduced to determine the maximum separation between different kinds of samples according to the sample classification information. Based on the OPLS-DA model, the specific metabolites were determined by applying the Mann-Whitney *U* test (SPSS 15.0) with a P-value threshold of 0.05. The names of the metabolites were identified by searching the online HMDB database via aligning the molecular mass data (m/z). Then, the specific metabolites were clustered using hierarchical cluster analysis and visualized using Hemi (Heatmap Illustrator, version 1.0) software (<http://hemi.biocuckoo.org/down.php>). Multiple logistic regression analysis was carried out and receiver-operating characteristic (ROC) analysis was used to evaluate the diagnostic value of metabolites. The area under the curve and 95% confidence intervals were calculated to determine the specificity and sensitivity for H7N9. Thereafter, the specific metabolites were exported individually and imported into MetaboAnalyst 2.0 (<http://nar.oxfordjournals.org/content/early/2012/05/01/nar.gks374.full>) for analyzing the metabolic pathway.

2.9. Statistical Analyses {#s0055}
-------------------------

The Mann-Whitney *U* test was used for multivariate comparisons, and hierarchical cluster analysis was performed using Hemi analysis. The software used for other statistical analysis was SPSS for Windows, Version 15.0 (SPSS Inc., Chicago, IL, USA) unless specifically mentioned otherwise. The threshold for significance was P \< 0.05. A combination of univariate and multivariate bioinformatic approaches were employed using the R script-based online tool MetaboAnalyst 2.0, a comprehensive tool suitable for analyzing metabolomic data.

3. Results {#s0060}
==========

3.1. General Treatments and Outcomes of H7N9-Infected Patients {#s0065}
--------------------------------------------------------------

The four elderly patients (two men and two women) included in the study, who were later found to have laboratory-confirmed H7N9 infection, as described previously \[[@bb0060]\], had a history of poultry contact ([Fig. 1](#f0005){ref-type="fig"}). They were admitted to hospital with high fever, cough, chest distress, and dyspnea ([Table 1](#t0005){ref-type="table"}, [Table 2](#t0010){ref-type="table"}). They also had septic shock and developed ARDS. Therefore, they were immediately administered antiviral medicine, including oseltamivir and peramivir, together with methylprednisolone and immunoglobulin intravenously ([Fig. 1](#f0005){ref-type="fig"}). To control secondary infection, antibiotics including linezolid, imipenem, and cilastatin sodium were administered ([Table 1](#t0005){ref-type="table"}). To improve gas exchange, oxygen therapy was applied to all four patients. Patients 2, 3, and 4 were also treated with ECMO ([Fig. 1](#f0005){ref-type="fig"}). These three patients had acute renal damage; therefore, continuous renal-replacement therapy (CRRT) was necessary ([Table 1](#t0005){ref-type="table"}). Patients 1 and 4 had hypertension as the only known underlying condition; they responded to this treatment regimen very well and were cured and discharged after the real-time PCR analysis for the H7N9 virus in the airway lavage fluid and blood tested negative ([Fig. 1](#f0005){ref-type="fig"}). In addition to hypertension, patients 2 and 3 had other underlying conditions, including coronary heart disease, and ended up having worse outcomes. Patient 2 died 5 days after admission to Tianjin Haihe Hospital, and 20 days after disease onset ([Fig. 1](#f0005){ref-type="fig"}). As requested by her family members, patient 3 was discharged when her airway lavage fluid and blood tested negative for H7N9. Her medical conditions were recovering and stable; however, on follow-up, it was found that she died a few days after discharge. These data indicated that H7N9 may induce severe lung inflammation.Fig. 1Timeline of the clinical course of four patients with confirmed H7N9 infection. The timeline illustrating the clinical course from poultry contact; hospitalization and clinical treatments, such as antiviral treatment, steroid treatment, mechanical ventilation (MV), extracorporeal membrane oxygenation (ECMO), and continuous renal-replacement therapy (CRRT); and treatment outcomes. \*represents the time points of serum collection for metabolomic analysis.Fig. 1Table 1Demographic characteristics, complications, treatment, and outcomes.Table 1CharacteristicPatient 1Patient 2Patient 3Patient 4Age (years)62636758SexMaleMaleFemaleFemaleOccupationFarmerRetiredRetiredFarmerCardinal symptomHigh fever, chest distress, shortness of breath, dyspneaCough, high fever, dyspnea, hemoptysisHigh fever, chest distress, dyspneaHigh fever, chest pain, cough, chest distress, shortness of breath, abdominal painUnderlying conditionsHypertensionHypertension, coronary heart disease, COPD, pulmonary heart diseaseHypertension, coronary heart disease, tuberculosis of lymph nodesHypertensionPoultry exposure in the past 2 weeksYesYesYesYesSeptic shockYesYesYesYesARDSYesYesYesYesAcute renal damageNoYesYesYesEncephalopathyNoNoYesYesRhabdomyolysisNoYesNoYesSecondary infectionsNoNoYesYesOxygen therapyYesYesYesYesExtracorporeal membrane oxygenationNoYesYesYesContinuous renal-replacement therapyNoYesYesYesAntibiotic therapyLinezolid, imipenem, cilastatin sodium, piperacillin, teicoplanin, moxifloxacinLinezolid, imipenem, cilastatin sodium, vancomycin, piperacillin, teicoplaninLinezolid, imipenem, cilastatin sodium, vancomycin, piperacillin, teicoplaninImipenem and cilastatin, linezolid, cefoperazone and sulbactam, moxifloxacinAntiviral agentsOseltamivirOseltamivir, peramivirOseltamivir, peramivirOseltamivirSteroidsMethylprednisoloneMethylprednisoloneMethylprednisoloneMethylprednisoloneIntravenous immunoglobulin therapyYesYesYesYesDuration of hospital stay16 days7 days26 days28 daysPrognosisCuredDeathDischarge when H7N9 was negativeCuredTable 2General participant characteristics.Table 2HealthyPneumoniaPneumonia + steroidsH7N9 + steroidsNumber of subjects (n)99104Age (years)53.6 ± 8.160.7 ± 7.063.8 ± 9.060.4 ± 2.9Sex (F/M)5/45/45/52/2Chronic smoker4/94/95/102/4Duration of hospital stay (days)/14 ± 6.418.2 ± 10.324.7 ± 3.9Fever0/96/96/104/4Cough0/99/910/103/4Hemoptysis0/92/90/100/4Dyspnea0/93/97/104/4Nausea or vomiting0/90/91/101/4Diarrhea0/90/90/100/4Advanced respiratory support[1](#tf0005){ref-type="table-fn"}0/93/99/104/4Shock0/91/93/103/4Respiratory failure0/92/98/104/4Glucocorticoid (total, grams)00453.8 ± 276.3[2](#tf0010){ref-type="table-fn"}220.0 ± 134.2[2](#tf0010){ref-type="table-fn"}Infections Bacterial/6/98/100/4 Viral/3/9[3](#tf0015){ref-type="table-fn"}2/10[3](#tf0015){ref-type="table-fn"}4/4 Fungal/0/90/100/4Underlying conditions Coronary heart disease/4/95/102/4 Chronic gastritis/2/92/100/4 Hypertension/4/92/104/4 Diabetes/2/91/100/4 COPD/2/94/101/4[^2][^3][^4]

3.2. Lung Epithelium is Injured During H7N9-Induced Inflammation {#s0070}
----------------------------------------------------------------

Virus-induced acute lung inflammation is characterized by the infiltration of inflammatory cells, and is usually associated with epithelial injuries, resulting in increased secretion and fluid buildup. Compared to the normal lung tissue adjacent to the lung adenocarcinoma (68-year-old male patient; T1bN0M0; right lower lobe), the biopsied lung tissue from patient 2 with H7N9 infection showed obvious inflammatory infiltrates ([Fig. 2](#f0010){ref-type="fig"}A--B). Moreover, this patient showed diffuse alveolar hemorrhage, suggesting severe injuries to the alveolar structure ([Fig. 2](#f0010){ref-type="fig"}B). Similar to other influenza virus infections \[[@bb0065], [@bb0275]\], H7N9 virus infection may also induce the formation of autophagosomes that promote the host\'s capacity of limiting viral infection ([Fig. 2](#f0010){ref-type="fig"}C). Quantitative PCR analysis indicated that claudin 5 and 18, which are tight junction genes that maintain alveolar epithelial structure, were downregulated in the H7N9-infected lung ([Fig. 2](#f0010){ref-type="fig"}D--E). Moreover, the expression of surfactant protein B (SFTPB) was promoted, while that of SFTPA, SFTPC, and SFTPD was significantly inhibited, in the lung of patient 2 than in the normal lung ([Fig. 2](#f0010){ref-type="fig"}F--G). In conducting airways, claudin 3 gene expression was increased, while claudin 1 and 7 gene expressions were reduced ([Fig. 2](#f0010){ref-type="fig"}H--I). The expression of mucin genes, including *MUC2*, *MUC5AC*, and *MUC5B*, was significantly increased to a different extent in the infected lung ([Fig. 2](#f0010){ref-type="fig"}J--K). These preliminary data suggested that the integrity of both the conducting airway epithelium and alveolar epithelium may be challenged by H7N9 virus infection.Fig. 2Lung epithelial barrier is severely injured during H7N9-induced lung inflammation. (A--B) The biopsied tissues isolated from patient 2 are analyzed using H&E staining of normal lung tissue adjacent to the lung adenocarcinoma (Normal) as the control. (C) Electron microscopic scanning identifies the formation of autophagosomes in alveolar type 2 cells from patient 2 (arrows). Lamellar bodies in alveolar type 2 cells are indicated using arrow heads. (D--G) Expression of claudins and alveolar surfactants is analyzed in the biopsied lung tissue by using quantitative PCR. Relative levels to β-actin and fold changes (H7N9/Normal) are presented separately. (H--K) Expression of airway mucins and claudins is analyzed and presented in the same manner as above.Fig. 2

3.3. H7N9 Infection Impairs Fatty Acid Metabolism {#s0075}
-------------------------------------------------

In addition to lung damage, H7N9 infection has been demonstrated to cause multiple organ failure \[[@bb0280]\], suggesting its pathological effects are systemic. Such systemic alteration induced by the H7N9 virus may be reflected by a change in serum metabolites. To examine this, healthy controls were recruited in the present study (n = 9). Since steroid or pneumonia itself could contribute to the changes in serum metabolites, in order to exclude these effects, we also included two other disease controls, including patients who received steroid treatment (n = 10) and patients who were hospitalized with severe non-H7N9 pneumonia (n = 9). To minimize confounding factors, H7N9-infected patients were compared with age- and sex-matched control subjects in this analysis.

UPLC-MS was adopted in the present study to determine the difference in the serum metabolome of H7N9-infected patients as compared to those in the healthy group and two disease control groups. OPLS-DA of the initial data set obviously separated the H7N9-infected patients receiving steroid treatment (H7N9 + steroid) from the healthy controls ([Fig. 3](#f0015){ref-type="fig"}A). The differentially expressed metabolome included 23 metabolites ([Fig. 3](#f0015){ref-type="fig"}B). Two of them were excluded after validating the significance of changes by using the nonparametric univariate method (Mann-Whitney-Wilcoxon test) ([Fig. 4](#f0020){ref-type="fig"}). The remaining 21 metabolites included four upregulated metabolites, namely, kanzonol I, alkaloid A6, protoporphyrinogen IX, and beta-[d]{.smallcaps}-glucopyranuronic acid, in the serum samples of H7N9-infected patients rather than in those from the healthy group ([Fig. 4](#f0020){ref-type="fig"}). More metabolites were downregulated, including LysoPC(16:0), LPA(18:1(9Z)/0:0), LysoPC(18:2(9Z,12Z)), LysoPC(18:1(9Z)), palmitic acid, hydroxyisocaproic acid, phytanic acid, erucic acid, behenic acid, palmitic amide, phytal, caproylcholine, (9*S*,10*S*)-10-hydroxy-9-(phosphonooxy) octadecanoate, 1-octen-3-yl glucoside, *N*-\[(4E,8E)-1,3-dihydroxyoctadeca-4,8-dien-2-yl\] hexadecanamide, methyl (9Z)-8′-oxo-6,8′-diapo-6-carotenoate, and methyl (9Z)-6′-oxo-6,6′-diapo-6-carotenoate ([Fig. 4](#f0020){ref-type="fig"}).Fig. 3Serum metabolomic profile of H7N9-infected patients as determined by UPLC-MS. (A) Supervised (OPLS-DA) score scatter plot of H7N9-infected patients receiving steroid treatment (H7N9 + steroid) and healthy controls (healthy) from the UPLC-MS data. (B) Heat map of significantly altered metabolites detected by UPLC-MS. Hierarchical clustering of the 23 metabolites is shown between the healthy group (n = 9) and H7N9 + steroid group (n = 4) in the discovery analysis.Fig. 3Fig. 4Differential metabolites in the sera of H7N9-infected patients. Supervised univariate nonparametric analysis (Mann-Whitney *U* test) is used to confirm 21 serum metabolites out of 23 that distinguish H7N9-infected patients from healthy controls. Boxes represent the interquartile ranges (IQRs) between the first and third quartiles, and the lines inside the boxes represent the median; whiskers represent the lowest or highest values within 1.5 times the IQR from the first or third quartiles. \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001.Fig. 4

Venn diagram analysis of these 21 serum metabolites indicated that steroid treatment could affect the abundance of kanzonol I, caproylcholine, hydroxyisocaproic acid, methyl (9Z)-8′-oxo-6,8′-diapo-6-carotenoate, and (9*S*,10*S*)-10-hydroxy-9-(phosphonooxy) octadecanoate in the serum ([Fig. 5](#f0025){ref-type="fig"}A). Besides kanzonol I and (9*S*,10*S*)-10-hydroxy-9-(phosphonooxy) octadecanoate, many more metabolites can be altered by steroid treatment, as evidenced by the direct metabolomic analysis of serum samples from patients with severe pneumonia and patients with pneumonia undergoing steroid treatment (Fig. S1). 1-Octen-3-yl glucoside may be related to a non-H7N9 pneumonia condition ([Fig. 5](#f0025){ref-type="fig"}A). Direct metabolomic analysis of serum samples from healthy controls and patients with severe pneumonia revealed that many more metabolites can be altered during pneumonia, including LysoPC(16:0), LysoPC(18:0), LysoPC(20:3(5Z/8Z/11Z)), and LysoPC(24:0) (Fig. S2). However, H7N9-infection-associated pneumonia could also lead to changes in the serum abundance of LysoPC(16:0), LPA(18:1(9Z)/0:0), LysoPC(18:2(9Z,12Z)), and LysoPC(18:1(9Z)) ([Fig. 5](#f0025){ref-type="fig"}A). Additionally, ten potential serum metabolites were identified to be related to H7N9 virus infection, including palmitic acid, erucic acid, and phytal ([Fig. 5](#f0025){ref-type="fig"}A). To investigate the potential metabolic disruptions in H7N9-infected patients, these ten metabolites were prioritized when conducting the metabolic pathway analysis. We observed that H7N9 virus may lead to alterations in insulin signaling, porphyrin metabolism, and, more likely, fatty acid metabolism ([Fig. 5](#f0025){ref-type="fig"}B). ROC analysis confirmed those associations and helped evaluate the possible diagnostic value of these metabolites ([Fig. 5](#f0025){ref-type="fig"}C).Fig. 5H7N9 infection alters serum fatty acid metabolism. (A) Venn diagram analysis of pneumonia, pneumonia with steroid treatment, and H7N9 infection with steroid treatment groups identifies ten potential serum metabolites specific to H7N9 infection. (B) Metabolite enrichment analysis indicates that the metabolites that distinguish H7N9 infection are related to lipid metabolism. (C) Receiver-operating characteristic curves (ROC curves) showing the performance of models including the metabolites that distinguish H7N9-infected patients from healthy controls and disease controls (pneumonia and pneumonia with steroid treatment groups). AUC indicates the area under the curve, and CI indicates the confidence interval.Fig. 5

3.4. Potential Relevance of the Three-Metabolite Set to the Prognosis of H7N9 Infection {#s0080}
---------------------------------------------------------------------------------------

To investigate whether any of these ten identified metabolites is relevant to the prognosis of H7N9-infected patients, we correlated the abundance of serum metabolites with clinical observations over time. We found that the abundance of palmitic acid, erucic acid, and phytal increased in patient 4 from day 9 to day 13 after disease onset ([Fig. 6](#f0030){ref-type="fig"}A left column). This period was the time window that reflected the process of resolution of lung inflammation in this patient, as evaluated by chest digital radiography and absolute serum lymphocyte count ([Fig. 6](#f0030){ref-type="fig"}B left column, [Fig. 6](#f0030){ref-type="fig"}C left column). Absolute lymphocyte count has been reported to decrease after H7N9 infection \[[@bb0055], [@bb0145]\]. Therefore, the increasing trend of absolute lymphocyte count may reflect virus removal, while the decreasing trend of absolute lymphocyte count may reflect viral replication ([Fig. 6](#f0030){ref-type="fig"}C). A similar correlation was observed in patient 2, in whom the abundance of palmitic acid, erucic acid, and phytal decreased as lung inflammation became more severe, as evaluated by chest digital radiography and absolute serum lymphocyte count from day 15 to day 18 after disease onset ([Fig. 6](#f0030){ref-type="fig"}A right column, [Fig. 6](#f0030){ref-type="fig"}B right column, [Fig. 6](#f0030){ref-type="fig"}C right column). These data may suggest that the serum levels of palmitic acid, erucic acid, and phytal are negatively correlated to disease severity after H7N9 infection.Fig. 6Potential prognostic metabolites in response to H7N9 infection. (A) Serial chest digital radiography images show the absorption of ground-glass opacity in the lung of patient 4 from day 9 to day 13, while the deterioration of ground-glass opacity is observed in patient 2 from day 15 to day 18 after disease onset. (B) The abundance of five differentially expressed metabolites related to H7N9 infection change over the time course.Fig. 6

4. Discussion {#s0085}
=============

The H7N9 virus is considered one of the most deadly respiratory tract viruses in humans. The clinical, virological, immunological, and epidemiological features of human cases have been reported \[[@bb0040], [@bb0080], [@bb0120], [@bb0260]\]. To treat such patients, immediate use of antiviral drugs and steroids is very common in the ICU, as is the use of MV or ECMO when necessary \[[@bb0010], [@bb0180]\]. We also observed that epithelial barrier function was severely impaired in the lung biopsy specimen from a patient with laboratory-confirmed H7N9 infection. Metabolomic profiling of serum from four H7N9-infected patients identified ten metabolites that may be related to H7N9 virus infection. Serum abundance of palmitic acid, erucic acid, and phytal may be negatively linked to disease severity. These metabolites may be associated with fatty acid metabolism.

Fatty acid metabolism is closely related to influenza virus infection. Viruses assemble their membrane using the host\'s unsaturated fatty acids, such as palmitic acid. The spike protein hemagglutinin and the proton-channel M2 of the influenza virus are S-acylated at the cytoplasmic and transmembrane cysteine residues by palmitic acid \[[@bb0155], [@bb0245]\]. Virus particles containing hemagglutinin with removed palmitoylation sites revealed defects in replication and membrane fusion \[[@bb0250], [@bb0295]\]. Although loss of the palmitoylation site in M2 does not affect the production of virus particles, attenuation of virus infectivity was observed when mice were infected with viruses having non-palmitoylated M2 \[[@bb0020], [@bb0090]\]. Therefore, rapid replication of the H7N9 virus consumes a large amount of palmitic acid; this finding is consistent with our observation that the serum level of palmitic acid is significantly reduced during the early onset of disease. In our study, the condition of one patient with a continuous decrease of serum palmitic acid gradually worsened until death. While another patient with an increasing serum level of palmitic acid recovered. Restored serum level of palmitic acid may reflect virus elimination. Therefore, we propose that real-time tracking of the serum level of palmitic acid may predict the prognosis after influenza infection.

Erucic acid, a long-chain monounsaturated fatty acid, is usually found in canola oil, mustard oil, and rapeseed oil. It is digested, absorbed, and metabolized for the most part like other fatty acids in humans \[[@bb0215]\]. Erucic acid binds to human serum albumin with high affinity; it therefore exists as a complex with albumin \[[@bb0200]\]. This may explain our observations that both erucic acid and albumin were reduced in the sera of H7N9-infected patients. Erucic acid reduces the synthesis of very-long-chain fatty acids, which are required for efficient viral replication \[[@bb0160]\]. As observed in the present study, a significant reduction of erucic acid in the early stage of H7N9 infection negatively correlated with the rapid replication of the H7N9 virus. We also found that the serum level of erucic acid positively correlated with the general condition. On the basis of these findings, we propose that the serum level of erucic acid, in addition to that of palmitic acid, may predict the prognosis after H7N9 infection.

The predictive value of phytal, an isoprenoid lipid molecule, is similar to that of palmitic acid and erucic acid. Isoprenoid was shown to inhibit influenza viral infection and growth \[[@bb0220]\], but the function of phytal in human infections remains unexplored. A previous study showed that sustained high levels of angiotensin II in H7N9-infected patients was strongly correlated with mortality \[[@bb0125]\]. Besides angiotensin II, C-reactive protein, hypercytokinemia factors, and some clinical parameters such as the PaO~2~/FiO~2~ ratio are considered biomarkers for lethality in influenza infections \[[@bb0025], [@bb0075], [@bb0105]\]. Comprehensive evaluation of H7N9-infected patients with these serum metabolites, proteins, and clinical parameters should help optimize treatment options for ensuring better outcomes.

Respiratory inflammation is a beneficial process that includes the secretion of antimicrobial products and recruitment of leukocytes to remove inhaled bacteria and viruses. Mucus, which contains mucins such as MUC2, MUC5AC, and MUC5B, is secreted by the tracheobronchial mucosa to cover and protect the epithelial cells from pathogenic microorganisms \[[@bb0150]\]. Pulmonary surfactant proteins, including SPA, SPB, SPC, and SPD, form a lipid monolayer on the interface of air and liquid and reduce the surface tension of the alveolar epithelium, thereby maintaining the stability of the alveolar structures \[[@bb0265]\]. Severe inflammation induced by H7N9 infection impairs mucociliary clearance, as observed in the present study by the largely altered expression of both airway mucus and alveolar surfactants unlike in the normal lung. Excess mucus and surfactant proteins not only impair gas conduction and exchange, but also sequester the invaded virus locally, thereby increasing the penetration of the virus into the epithelium \[[@bb0170]\]. Our preliminary data suggested that tight junctions between the epithelial cells in the lung may be destroyed during H7N9 infection. Epithelial integrity is restored by the endogenous epithelial stem/progenitor cells that reside in different regions of the lung \[[@bb0115], [@bb0205]\]. Upon injuries, these stem/progenitor cells replicate and differentiate to replenish the airway and alveolar cell populations, respectively (Chen et al., \[[@bb0030], [@bb0035]\]; \[[@bb0115]\]). The influenza virus has been found to interfere with the epithelial stem/progenitor cells in animal studies \[[@bb0165], [@bb0195]\]. These cells may be abrogated during H7N9 infection, so that epithelial damage worsens the ongoing pneumonia, thereby leading to the death of these patients. In addition to traditional treatments, novel therapies, such as stem-cell therapy, could be developed to reduce mortality by enhancing lung regeneration in patients with ARDS \[[@bb0100], [@bb0290]\]. Moreover, small molecules that could boost the regenerative capacity of epithelial stem/progenitor cells should be screened by the drug industry.

Early initiation of antiviral therapy, glucocorticoids, MV, ECMO, CRRT, and other symptomatic and supportive treatments is beneficial in the control of the virus-infection-induced tissue damage. However, two of our patients did not survive such treatments, suggesting that disease progression and treatment outcome may also be determined by other factors. Compared to the two survivors, these two patients had more underlying medical complications, including coronary heart disease, COPD, pulmonary heart disease, or tuberculosis of lymph nodes. The more complicated underlying pathologies make respiratory function more fragile and increase the chance of death, as described previously \[[@bb0080], [@bb0135]\].

The present study has several limitations. First, the number of H7N9-infected patients investigated was low, even though we tried to recruit as many patients as we could. Therefore, the potential metabolites for disease prognosis identified in this study are only suggestive and should be further evaluated in large-scale studies. Second, only one lung biopsy was available for analysis; hence, epithelial damage in the lung caused by H7N9 infection should be further investigated in the future. Third, because of the limited amount of serum collected from human subjects, only UPLC-MS was conducted to analyze the serum metabolites. Other metabolomic tools such as gas chromatography-MS could provide more information about the serum metabolites associated with H7N9 infection. Fourth, the design of control groups was very difficult since various factors could affect the analysis, e.g., predefined criteria for enrolment and exclusion. In addition, the levels of serum metabolites can be affected by a number of host-related factors, including underlying medical conditions (diabetes or other underlying metabolic conditions), mucociliary clearance rate, surfactant and mucin production, and viral/bacterial/fungal co-infections. Therapeutic-intervention-related factors included intubation, MV, ECMO, and variable treatments with antiviral options or different steroids with variable doses and durations. Lastly, the biomarkers identified in the present study, including palmitic acid, erucic acid, and phytal, may not be specific to H7N9 infection, unlike in the case of serum metabolomic analysis of infections with other respiratory viruses including the respiratory syncytial virus and H1N1 virus (\[[@bb0230]\]; Ferrarini et al., \[[@bb0070]\]; \[[@bb0050], [@bb0235]\]; Chen et al., \[[@bb0030], [@bb0035]\]). Future re-evaluation will also be needed because all four patients recruited in this study were at the severe end stage of the disease, while those in the control groups were not. It should also be noted that cause and effect cannot be distinguished in this preliminary study because of the lack of data before/after the analyzed time series.

In summary, the present study provided preliminary data suggesting that H7N9 infection may be associated with altered fatty acid metabolism. The potential serum metabolites identified herein may be informative in future evaluations of the prognosis of H7N9-infected patients. Altered structure and secretory properties of the lung epithelium may be associated with the severity of H7N9 virus infections. Novel therapy targeting epithelial regeneration can be a promising tool for the effective control of H7N9 infection.
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